Abstract The wind-driven redistribution of snow has a significant impact on the climate and mass balance of polar and mountainous regions. Locally, it shapes the snow surface, producing dunes and sastrugi. Sediment transport has been mainly represented as a function of the wind strength, and the two processes assumed to be stationary and in equilibrium. The wind flow in the atmospheric boundary layer is unsteady and turbulent, and drifting snow may never reach equilibrium. Our question is therefore: what role do turbulent eddies play in initiating and maintaining drifting snow? To investigate the interaction between drifting snow and turbulence experimentally, we conducted several wind tunnel measurements of drifting snow over naturally deposited snow covers. We observed a coupling between snow transport and turbulent flow only in a weak saltation regime. In stronger regimes it self-organizes developing its own length scales and efficiently decoupling from the wind forcing.
Introduction
The snow surface of polar and mountainous regions is shaped by the wind-driven transport of snow crystals in a shallow layer above the snow surface. The wind erodes a large fraction of the deposited snowfall, leading to inhomogeneous accumulation and a potentially significant fraction of sublimation [Pomeroy and Jones, 1996] . This shapes the mass and energy balances of these regions and locally produces typical patterns of snow dunes and sastrugi.
A significant fraction of the wind-driven snow transport follows ballistic trajectories and is known as saltation [Pomeroy and Gray, 1990] . This process initiates as soon as the wind flow has sufficient energy to entrain the snow crystals. The entrainment of snow crystals at the surface is triggered by either the flow (aerodynamic entrainment) or a rebounding particle that projects the crystals into the saltation layer [Doorschot and Lehning, 2002] (splash entrainment). Snow saltation has some physical similarities with the analogous aeolian process occurring over sand-covered surfaces [Kok et al., 2012] , but snow is more cohesive than sand, thus, the entrainment mechanisms involved may differ.
The interaction between wind and saltation is often viewed as consisting of four subprocesses: aerodynamic entrainment, particle trajectory, splash entrainment, and air flow modification [Bagnold, 1941; Owen, 1964; Kok et al., 2012] . Snow particles are first entrained by the flow (aerodynamic entrainment) and then follow ballistic trajectories until they collide with the snow cover again. Upon collision, they destabilize the snow crystals at the surface and project further particles into the saltation layer (splash entrainment). In the fourth subprocess (air modification), the saltating particles cause a loss in fluid momentum, which reduces the flow momentum and increases the flow stratification and turbulence intensity. This modification of the flow reduces the sediment entrainment and consequently the sediment flux, which, in turn, induces a new increase in the flow momentum and the entrainment of particles, thus completing the saltation cycle.
Sediment saltation has, until now, been mainly described in terms of the relationship between the mean sediment flux and the mean wind momentum flux, which are assumed to be stationary and in equilibrium [Bagnold, 1941; Owen, 1964; Shao and Raupach, 1992; Kok et al., 2012] . Recent observations and numerical simulations have challenged the validity of these assumptions [Butterfield, 1991 [Butterfield, , 1998 Stout and Zobeck, 1997; Sterk et al., 1998; Michaux et al., 2002; Baas, 2006; Guala et al., 2008; Naaim-Bouvet et al., 2011; Bauer and Davidson-Arnott, 2014; Zwaaftink et al., 2014] , but the coupling between the two fluxes is still poorly understood. Research has focused on the occurrence of bursting flow events during the sediment flux, especially for drifting sand [Butterfield, 1991 [Butterfield, , 1998 Sterk et al., 1998] 
Materials and Methods
The experiments in the wind tunnel were conducted at the Institute for Snow and Avalanche Research (SLF/WSL) wind tunnel in Davos at 1670 m above sea level in the Swiss Alps [Clifton et al., 2006] . The snow employed in the experiments was collected on a shaded area outside the laboratory on custom-designed trays. Employing natural snow meant we did not have to rely on assumptions about the snow's physical properties. The trays were positioned in the wind tunnel, shortly after a snowfall, flush with the upstream surface, forming a continuous 8 m snow cover ( Figure 1a ).
We employed a Kaijo ultrasonic anemometer DA-600 (USA) equipped with miniature probe (TR-90AH) to measure the turbulent flow and a LaVision digital shadowgraphy system (SG) to measure the mass flux (Figure 1b) . 
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The vertical path length of the USA measures 50 mm and is centered at about 40 mm above the snow cover to acquire data at 20 Hz. It is able to measure the flow seeded with snow particles, which otherwise cause a substantial data loss on a more conventional hot-wire probe. The SG is able to resolve the two components of the mass flux in the saltation layer, in time and space, which conventional one-dimensional laser sensors cannot do [Sato et al., 1993] . The SG involves back illuminating the saltating snow crystals from one side of the wind tunnel and acquiring images from the opposite side [Gromke et al., 2014] (Figure 1b ). The resulting images have dark saltating crystals on a brighter background ( Figure 1c ). The postprocessing of the images is conducted by applying image analysis for the detection of the particles and the estimation of their size and by employing an algorithm designed for Particle Tracking Velocimetry (PTV) in DaVis environment [LaVision, 2011] . A final step, in MATLAB environment, involves determining the physical quantities of interest from the obtained information and performing the statistical analysis. The position and size of the particles are first determined by applying a background subtraction of the light intensity to the raw images and two steps of image thresholding. The size of the detected particles is determined from the equivalent diameter of the areas of the detected shadows. Finally, a filter is applied, which removes blurred particles lying outside the depth of field. Subsequently, the PTV algorithm determines the particle velocity from the displacement across two consecutive acquired images. The algorithm is based on the cross correlation of the two images and includes two iterations. The obtained information regarding size and velocity (from the positions) of particles is further validated to remove spurious vectors. The depth of field for each particle is determined based on its size and on the camera calibration conducted prior the experiments. The mass flux, spatially averaged over the field of view, is determined at each time step based on the velocity, size, and depth of field of the detected particles, considering a nominal ice density for the particles ϱ = 917 kg m À 3 . Preliminary experiments were conducted to calibrate the digital shadowgraphy using a calibrated Snow Particle Counter (SPC), which is considered the standard measurement technique for the sediment fluxes [Sato et al., 1993] .
We conducted nine experiments in the winter 2014/2015 and acquired 2728 image pairs for each test. The experiments were designed to resolve a wide range of mean mass fluxes finally spanning about 2 orders of magnitude. The field of view measured 18 mm along the vertical dimension and it is centered at 19 mm from the snow surface, while the mean depth of field measured 31 mm and the spatial resolution of the images about 47 μm. This limits the detection of the particles smaller than about 94 μm, but an undersampling of the small particles is observed up to about 200 μm if compared to the SPC measurements. Conversely, the SG setup is able to detect large crystals that have not been fragmented yet. The acquisition frequency of the SG measurements was set between 20 Hz and 25 Hz for the image pairs in order to resolve the mass transport similarly to the flow measurement.
We employed one-dimensional wavelet transform to analyze the measured time series. This technique was preferred over the more traditional Fourier analysis because it can detect aperiodic features in the time series, which are typical of the sediment mass fluxes. This technique has been widely employed in the analysis of turbulence signals [Farge, 1992] , as well as for meteorological and geophysical signals [Kumar and Foufoula-Georgiou, 1997; Torrence and Compo, 1998 ].
The continuous wavelet transform W(t, a) of a signal f(t) consists of the convolution of the signal with the mother wavelet function ψ(t) for all the time realizations of the acquired signal and for a set of discrete dyadic scales ranging from 2/(nΔt) to 2/f s . The continuous wavelet transform W(t, a) is defined as
where * denotes the complex conjugate, a is the scale parameter, b is the translation parameter, and C g is the admissibility constant which ensures that the mother wavelet has a zero-frequency component. The complex Morlet wavelet was chosen as the mother wavelet. It consists of a plane wave modulated by a Gaussian function and resembles the signal shape of both the turbulence and the mass flux time series. It allows a compromise between the time and the frequency resolution and is defined as
Geophysical Research Letters
where the parameter f b controls the width of the Morlet wavelet and ω 0 is the angular frequency. The wavelet power spectrum is given by
where W(t, a) is the wavelet transform and n is the number of samples in the time series. To investigate possible correlations between turbulence and mass flux signals, the wavelet cospectrum C(t, a), the real part of the cross spectra, is computed. For two different signals, x(t) and y(t), it is defined as
where W x (t, a) and W y (t, a) are the wavelet transforms and W Ã y t; a ð Þ is the complex conjugate of W y (t, a).
Results
The time series of the two components of the snow saltation mass flux, q x and q z , are determined by means of Shadowgraphy (SG), while the time series of the turbulent streamwise fluctuation u ′ are acquired by means of the ultrasonic anemometer (USA) (see Figure 1d for an example of a time series of the resulting mass flux and flow turbulence). The streamwise velocity fluctuations u ′ are mean subtracted according to the Reynolds decomposition
where U is the instantaneous velocity and Ū its time average. The saltation fluxes in this example are clearly unsteady, with peaking events significantly above the average (Figure 1d ). The structure of the time series varies considerably as the plots of the autocorrelation function indicate (Figure 1e ). The streamwise mass flux events (q x ) are longer and highly variable, while the vertical mass flux events (q z ) are shorter and more uniform. The latter are surprisingly similar to those of the streamwise velocity fluctuations u ′, which suggests a potential role q z plays in the coupling between the saltation fluxes and the flow turbulence. We chose to define a characteristic length scale of the saltation cycle based on the vertical mass flux, which is more directly coupled to the process of local erosion or deposition. Therefore, we adopted, in addition to the mean streamwise mass flux q x,m , the absolute vertical mass flux |q z | m as a measure of the saltation strength.
At which length scale snow saltation is preferentially organized? Turbulence production occurs at a specific length scale (turbulence production range), but it is not clear if saltation also occurs at this scale. Large-scale events in the streamwise mass flux q x were dominant with strong saltation and decoupled from u ′. Conversely, we noted a coupling between the vertical mass flux q z and u ′.
To understand this interrelationships better, we computed the wave number weighted power spectra of u ′, q x , and q z , as shown in Figures 2a and 2b in all experiments and in Figures 2c and 2d in two selected experiments with increasing saltation strength. The u ′ spectra reveal a peak at high wave numbers indicating the turbulence production range, where the energy-containing eddies occur. The q x spectra vary significantly. With weak saltation, the q x spectra are flatter with minor peaks in the turbulence production range. With increasing saltation strength the power around the turbulence production range progressively decreases and increases at lower wave numbers, where a distinct peak emerges. The largest difference in the relative weight of the q x and u ′ spectra was in the range k = 0.05-0.5. In this range, the q x spectral exponent follows a linear trend toward negative values, while the q z spectra match those of u ′ (Figures 2e and 2f) . A potential mechanism that could explain the observations is that as the mean flow aligns with q x and produces significant particle inertia in that direction, smaller-scale turbulent eddies have limited impact on the particle trajectories.
On the other hand, in the vertical direction, the response of the snow transport to the turbulence forcing might be larger due to the absence of a mean vertical velocity. Nevertheless, further research will be required to challenge this hypothesis. We observed a particular transport dynamics in which the dominance of the large saltation scales increases at the expense of the smaller scales (turbulence production scale), contributing to the decoupling of the saltation flux from the turbulence forcing. What is the mechanism responsible for this dynamic behavior?
To identify the transport mechanism responsible for the observed length scale shift in the streamwise saltation, we analyzed the cospectra of the momentum (C uw ) and saltation fluxes C uq z À Á , which enabled us to determine
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the wave number of the dominating turbulent eddies and of the dominating saltation cycles, respectively (see Figure 3a for examples of the weak and strong saltation). C uw is systematically higher than C uq z in both cases due to the inertia of the snow particles, which reduces the correlation between u ′ and q z . A peak is observed in both the cospectra, although at different wave numbers, indicating the dominant transport eddies/cycles. The peaks in C uw are, as expected, close to the turbulent production range, but the peaks in C uq z are close to the turbulent production range at weak saltation and to lower wave numbers at strong saltation. (Figures 2c and 2d ).
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This implies that the energy-containing eddies have a more direct influence on the entrainment of snow particles with weak saltation than with strong saltation. When we determined the C uq z wave number peak in all experiments, the picture became clearer: the wave number decreases with the saltation strength following a power law (Figure 3b) . A similar reduction rate was observed when employing the more common measure of the saltation strength, the streamwise mass flux q x,m . The maximum wave number peak is close to the turbulence production range, while the minimum is close to the range with emerging large-scale q x events.
The streamwise turbulent velocity is coupled to the vertical transport of snow initiating the saltation cycle. This cycle occurs at the wave number of the energy-containing eddies only with weak saltation and might mark the aerodynamic entrainment mechanism (first and second subprocesses). As the saltation strength increases, the wave number of the saltation cycle reduces, which indicates substantial decoupling of the saltation from the turbulence in the production range. The energy-containing eddies therefore play a leading role in modulating the transport of snow crystals only with weak saltation. Increasing saltation strength enhances the splash entrainment and the momentum loss (third and fourth subprocesses) and produces typical, although intermittent, streamers. When the saltation strength is high, the process becomes selfsustaining for some time, due to an efficient rebound/splash regime and extraction of energy from the mean wind, while, at weak saltation, only the energy-containing eddies are effective in starting intermittent events of snow transport. The saltation flux therefore appears to be decoupled from the momentum flux with a high saltation regime. The decoupling probably corresponds to an increase in the entrainment via collision of the particles (splash entrainment) over aerodynamic entrainment. The reduction in the wave number of the saltation cycle can also explain the transfer of energy from the turbulence scales toward the large saltation scales observed with increasing saltation strength.
The larger turbulence scales expected in the natural environment together with the larger spatial domain available for the development of the saltation are key differences when discussing the applicability of our findings to the full scale. We expect that the results are not qualitatively affected by these differences although the larger, full-scale, energy-containing eddies might bring the range of the two saltation regimes closer to each other than what was observed in our wind tunnel. While this might also result in a more continuous development of streamers in full-scale saltation, we note that eddy length scales become smaller toward the ground therefore reducing the difference of the saltation height between laboratory-and full-scale environments.
Conclusions
The wind transport of snow greatly affects the snow redistribution and the surface shape of polar and mountainous regions. Since the process cannot be considered stationary and at equilibrium the flow turbulence may be the main trigger of the snow saltation. Our controlled wind tunnel experiments on natural snow covers revealed the ability of the saltation to self-organize and two regimes of saltation: a turbulence-dependent regime occurring with weak saltation and a turbulence-independent regime with strong saltation. With weak saltation turbulence seems to directly modulate the entrainment of the snow particles, whereas strong saltation develops its own saltation length scale independent of the turbulence forcing and organizes itself in large-scale events. These findings have implications not only for the accurate modeling of saltation fluxes at particle resolution but also for better understanding how snow cover is shaped to form dunes and sastrugi by wind forcing. Furthermore, this coupling might also be occurring in other sediment transport processes such as the aeolian sand and fluvial bed load transport.
